We introduce a simple and robust scheme for optical frequency transfer of an ultra-stable source light field via an optical frequency comb to a field at a target optical frequency, where highest stability is required, e.g. for the interrogation of an optical clock. The scheme relies on a topology for end-to-end suppression of the influence of optical path-length fluctuations, which is attained by actively phase-stabilized delivery, combined with common-path propagation. This approach provides a robust stability improvement without the need for additional isolation against environmental disturbances such as temperature, pressure or humidity changes. We measure residual frequency transfer instabilities by comparing the frequency transfers carried out with two independent combs simultaneously. Residual fractional frequency instabilities between two systems of 8 × 10 −18 at 1 s and 3 × 10 −21 at 10 5 s averaging time are observed. We discuss the individual noise contributions to the residual instability. The presented scheme is technically simple, robust against environmental parameter fluctuations, and enables an ultra-stable frequency transfer, e.g. to optical clock lasers or to lasers in gravitational wave detectors.
Introduction
Many precision metrology experiments rely on laser light with ultra-low optical frequency noise. A low frequency instability is particularly required at averaging times between 100 ms and 10 s, e.g. for atom-interferometer based gravitational wave detection [1] [2] [3] or for quantum projection noise limited interrogation of optical lattice clocks [4, 5] , ion clocks [6] , or multi-ion clocks [7] .
The best cavity-stabilized lasers yield frequency instabilities as low as 4 × 10 −17 at averaging times between 100 ms and several ten seconds [8] , and further improvements are expected in the future from a silicon (Si) cavity with crystalline mirror coatings at low temperature of 4 K [5] , or from alternatives, such as QED systems [9, 10] or spectral hole-burning in cryogenic crystals [11] .
Often, the optimum performance of a reference system can only be implemented at a source wavelength (e.g. 1.5 µm for a Si cavity) distinct from the target wavelength, at which the ultra-stable signal is required (e.g. at an optical clock transition in the visible range). Thus usually the frequency stability from the light field at the source wavelength is transferred to the target wavelength using an optical frequency comb [12] [13] [14] .
The optical frequency comb provides a phase-coherent link between the fields in the different spectral regions. The beat notes between the comb modes and the cw fields carry the information about the relative frequency fluctuations between the source and target cw light field. These signals can thus be employed for phase-locking the target field such that ideally all relative fluctuations are eliminated and the stability of the source is transferred to the target field with high fidelity. In the ideal case, no additional technical noise should be added during the frequency transfer via the comb, besides quantum noise of the modelocked laser generating the frequency comb [15] and quantum noise entering in the supercontinuum generation [16] [17] [18] . In reality, however, such excess noise occurs, with the largest contribution originating from optical path length fluctuations during the delivery of the cw and comb fields up to the point where they are arXiv:1910.04261v1 [physics.optics] 9 Oct 2019 superimposed for the generation of their beat notes. Such path segments, which contribute to the transfer excess noise due to differential optical length variations between the paths of the fields at the source and target wavelengths, will be referred to as uncompensated paths in this paper. Often, the fields are delivered via optical fibers. The influence of various environmental parameter fluctuations on frequency transfer via fibers has been investigated in [19] .
The goal of this paper is to report a simple-to-implement, universal and robust method for the end-to-end elimination of uncompensated paths in a frequency transfer setup. The method relies on three essential elements:
(i) The cw fields are delivered from the source and target lasers over separate paths using well-established active frequency and phase stabilization techniques [20, 21] . The crucial feature of our approach is that the two phase-stabilized delivery systems share a common reference plane at their destination. This requires that the source and target fields are superimposed with each other before they reach the common semitransparent reference mirror defining this destination plane.
(ii) From the common reference plane onwards, the cw fields at the source and target wavelength propagate on a common path, up to the beam combiner, where they are superimposed with the comb fields.
(iii) The spectral parts of the comb at the source and target wavelengths propagate on a common path as well before they are superimposed with the cw fields. Essentially, this means that they stem from a single branch of the comb generation system. Usually, in Er:fiber based frequency combs, light at the fundamental seed wavelength of (1560 ± 20) nm is emitted from every branch, along with the comb field at the target wavelength. This means that their comb lines have fixed phase relations to each other even if the comb spectral envelope vanishes between the two spectral regions. We will later discuss how our concept can be applied to source wavelengths outside the seed comb spectrum near 1560 nm.
Preferably, the common-path propagation of the fields at the two wavelengths is implemented in free space optics (air or even vacuum), but not in fibers, where the dispersion would have a larger effect.
During the past few years, several approaches for a stable frequency transfer via optical frequency combs were investigated. They can roughly be classified into two alternatives, often called the single-and the multi-branch approach. The single branch approach uses a broadband comb spanning over all required source and target wavelengths. The broadband comb either originates from a single branch of the comb generation system [22] [23] [24] [25] [26] or is generated in two distinct branches which are actively stabilized to each other [27] . However, broadband supercontinuum generation from a narrow seed comb often involves multiple nonlinear conversion mechanisms with different spatio-temporal sensitivities. Thus the relative phases between the interfering different mechanisms are hard to control, which can lead to large fluctuations. As a result, robust and stable long-term operation of such broadband combs is hard to achieve. Furthermore, it is challenging to optimize the mode power in several spectral regions simultaneously.
The multi-branch approach instead uses separate branches for the generation of comb lines in the different spectral regions required. This allows individual engineering and optimization of the nonlinear processes at each target wavelength and thus higher amplitude stability of the comb lines. However, this comes at the expense that the path lengths of the independent branches can experience uncorrelated fluctuations, e.g. induced by variations of environmental parameters. Hitherto, this has mainly been suppressed engineering-wise by isolation against the influence of environmental parameters, under typical laboratory conditions down to instability levels around 10 −16 at 1 s average time and 10 −18 at averaging times longer than a few hours.
Recently, a combination of the multi-and single-branch approach has been used for stable frequency transfer [28] . Here, as in our approach, each branch is referenced to a common 1542 nm cw light field, and the seed comb field around 1542 nm propagates on a common path with the field at the target wavelength in each branch. In this sense, for each branch, a "single-branch" frequency transfer between 1542 nm and the target wavelength is carried out. This allows to gain the necessary information about the relative path length fluctuations between the multiple branches.
In [28] , this information is used to actively stabilize all branches via fiber stretchers as actuators, but these have a limited control bandwidth. We instead eliminate the relative fluctuations by processing of the radio-frequency beat signals in the RF domain. This requires no fiber stretcher actuators and allows a much higher bandwidth. The approach in the RF-domain also enables the implementation of a stable frequency transfer between optical frequencies, which are both outside the spectrum of the seed comb around 1560 nm.
To the best of our knowledge, all hitherto reported frequency transfer setups involve some residual uncompensated paths. These uncompensated paths mostly result from the fact that the cw fields are delivered via actively phase-stabilized paths, but end at separate reference planes. Some approaches implement additional measures like evacuation [22] to suppress the influence of path length fluctuations on these residual uncompensated paths. Our simple approach by principle completely avoids uncompensated paths without the need for additional sophisticated technical requirements.
Setup for end-to-end suppression of path-length induced frequency transfer instabilities and for frequency transfer performance measurement
The frequency comb provides a phase-coherent link between two light fields at separate wavelengths, with the phases of the m-th comb line given by
Fluctuations of the comb's carrier-envelope offset (CEO) frequency ν CEO and repetition rate f rep must be eliminated, because they would deteriorate the frequency transfer. Usually, two methods are employed which can even be combined with each other. As first option, ν CEO is tightly locked to an RF reference signal, and f rep is actively stabilized by a tight phase lock between the beat signal of the stable source cw field with the comb and an RF reference. This requires high-bandwidth CEO and repetition rate actuators. The second option is to eliminate ν CEO and f rep in the RF-domain using the transfer oscillator technique, which provides a "virtual beat" between the two cw fields [29] . Both options require a measurement of the beat notes between the cw fields and the comb, and of ν CEO using the f − 2 f or similar technique [30] . Alternatively, instead of locking the CEO-frequency, it can be eliminated directly in the optical domain by Difference Frequency Generation (DFG) between two spectral sections of an initial comb with nonzero CEO frequency, which are an octave or more apart from each other, resulting in a CEO-free comb [31, 32] . This is similar to phase-locking the CEO beat signal with an extremely high (several THz) control bandwidth, but avoiding technical drawbacks of phase-locked loops (e.g. higher robustness, no lock acquisition required, no servo bumps).
In this work we use the transfer oscillator technique applied to a CEO-free DFG-comb (TOPTICA DFC CORE+) as the "device under test" (DUT). The beat note between the DUT comb and the cw source laser stabilized to the Si cavity is used to phase-lock the repetition rate of the DUT comb. We also performed the same measurements when the DUT comb repetition rate was RF-locked to an active hydrogen maser causing a less stable repetition rate. Nevertheless, similar frequency transfer instabilities as those we report here for the optically locked DUT comb were observed in the RF-locked case. To assess the performance of the frequency stability transfer in an out-of-loop measurement, we use a second, independent comb with its CEO frequency self-referenced using the f − 2 f technique (Menlo FC-1500-ULN), combined with the transfer oscillator technique as well to simultaneously perform a "reference" frequency transfer. To determine the excess noise entering during the frequency transfer, we compute the difference between the fractional optical frequency ratios
where ν source and ν target are the source and target absolute optical frequencies, and the index nom indicates the ratio between some nominal absolute optical frequency values, which are close to the real absolute frequencies. The normalization by the nominal ratio yields the fractional frequency ratio. The other optical frequency ratios are computed from the beat frequencies counted at the DUT and reference system, respectively, using the transfer oscillator scheme. Thus we compare the optical frequency ratios measured simultaneously with the two frequency transfer systems. As a consequence, fluctuations of the cw optical frequencies of source and target lasers cancel out and only residual excess noise due to the two transfers is left. Finally, we compute from y DUT−ref the modified Allan deviation mod σ y DUT−ref as a measure for the instability. Please notice that the differentiation between DUT and reference system is only formal and that we can only measure their combined instability. A three-cornered hat measurement [33] using three transfer systems could yield information about the performances of the individual frequency transfer systems, but is not within the scope of this paper.
To demonstrate the robust suppression of optical path-length-induced noise using our endto-end approach, we measure the transfer instability in two configurations, shown in Fig. 1  and 2 .
The two configurations only differ in the way the beat signals are generated in the DUT system: We abbreviate the first configuration as "CP" (compensated paths), because the uncompensated paths are completely eliminated in the DUT system as well as in the reference system, as shown in Fig. 1 . The following description is identical for the DUT (upper half) and reference (lower half) system if not mentioned otherwise.
For the end-to-end suppression of path-length-induced frequency instabilities, we overlap the source and target cw fields on the dichroic mirror (DM), before they reach the common reference mirror (CRM). The cw light fields reflected by the CRM propagate back to their sources, where their phase is interferometrically detected and actively stabilized relative to the respective near-end reference mirror using acousto-optical modulators (AOMs) as actuators [21] . Within the servo bandwidth of the active phase stabilization loops, the source and target phase at the plane defined by the CRM thus have a fixed relation to the phase at the reference mirror near the respective cw laser source. Hence at the CRM, the length fluctuations between the two cw paths are completely compensated. Subsequently, the fields transmitted through the semi-transparent CRM propagate on a common path up to the beam splitter (BS), where they are superimposed with the comb field. We use a comb field from a single branch of the comb generation system, which is possible even with branches, which are narrow-band optimized for a certain target wavelength, because the residual 1560 nm seed comb around the source wavelength is usually emitted along with the comb at the target wavelength. After their superposition with the cw fields on the beam splitter BS, the two spectral regions are safely separated into two detection paths, e.g. by a dichroic beam splitter. By this means, critical paths are compensated completely from the near ends to the far ends. Only 30 cm free space paths in air in the DUT system, and 110 cm in the "reference" system are left, where the fields propagate on a common path, but at different wavelengths. On such sections, path length fluctuations are indeed suppressed, but only partially and limited by the dispersion of the air.
The second configuration, termed "NCP" (non-compensated paths), in contrast to the CP case uses two separate branches of the DUT comb generation system for the generation of the beat notes with the cw fields. Hence it contains about 20 m uncompensated polarization maintaining Fig. 1 . Schematic experimental setup for the evaluation of the frequency transfer instability: CP configuration, free of uncompensated paths in both the DUT system (upper half) and reference system (lower half). The DUT comb generation system (blue box) generates a CEO-free optical frequency comb, while the reference comb generation system (yellow box) provides a CEO frequency measurement based on a common-path f − 2 f interferometer (green box). NLF: Highly nonlinear fiber, EDFA: Erbium-doped fiber amplifier. See text for further details of the comb generation systems. The source cw field (brown lines) is emitted by a laser stabilized to an ultra-stable Si cavity at 1542 nm, and the target cw field (purple lines) is emitted by a Sr lattice clock laser pre-stabilized to a 48 cm long cavity at 698 nm [34] . By active path length stabilization, the phases at the planes defined by the near-end reference mirrors RM source and RM target have a fixed relation to the phases at the far-end planes CRM ref/DUT and RM user , respectively. The user target plane RM user could e.g. be located close to the atoms of a Sr lattice clock to transfer the stability of the source laser to the location of the clock interrogation. RF signal paths are indicated by dotted lines. The beat signals between cw fields and combs are detected by photodiodes at RF frequencies f source , f target and ν CEO (ref system only), pre-filtered using PLL tracking filters, and counted with a dead-time-free frequency counter in Λ-mode [35] , such that the data can be evaluated in a post-processing step. Fig. 2 . Schematic experimental setup for the evaluation of the frequency transfer instability: NCP configuration, containing uncompensated path segments in the DUT system, as indicated by dashed lines. Compensated optical paths are shown as solid lines. In contrast to the CP case, the superposition of the source field with the DUT comb is implemented completely as fiber optics, and using a separate branch. As in the CP case, the reference system does not comprise uncompensated paths.
fiber path and 30 cm uncompensated free space path in air, where the effect of length fluctuations is not suppressed due to common mode rejection. The uncompensated paths are indicated by dashed lines in Fig. 2 . The reference system is identical as in the CP case.
The DUT system, the reference system, the source laser and the target laser are located in separate rooms, such that common mode effects are excluded to a large extent. For the reference system an additional frequency (νCEO) needs to be counted, in contrast to the DFG-based DUT comb system, where only 2 frequencies need to be counted. The f − 2 f based detection of the CEO frequency is performed in a separate path of the reference comb generation system. Optical path length fluctuations, however, are efficiently suppressed, first because a common-path f − 2 f interferometer is used, and second because the CEO phase only depends on fluctuations of the dispersion along the paths, which are negligible compared to the direct impact of optical path length variations.
The CEO beat signal is detected with a white phase noise floor of S ϕ ≈ −90 dBrad 2 /Hz. The RF beat signals at f source and f target are detected by photodiodes with a white phase noise floor better or equal to S ϕ ≈ −80 dBrad 2 /Hz at both combs. These beat signals and the CEO beat signal are amplified and filtered using PLL tracking filters with a bandwidth of f track ≈ 1 MHz. These signals could in principle be processed by RF hardware following the approach from [29] to generate a virtual beat signal at the frequency f transfer = ν source − ν target × m source /m target in real-time, where m source and m target are the comb line order numbers of the corresponding beats notes with the comb. The transfer beat signal can then be used to generate an error signal for phase-locking the frequency fluctuations of the target field at 698 nm to those of the source field at 1542 nm. We have shown in an independent measurement that the in-loop instability we achieve with this phase lock is sufficiently smaller than the observed transfer instabilities observed due to the other parts of the transfer setup. Furthermore, it is not necessary to actually carry out the phase lock for the CP-NCP comparison. For this reason, we substitute the phase lock by a post-processing analysis of the beat frequencies involved. For this purpose, the RF frequencies are counted using synchronous dead-time free frequency counters (K&K FXE) [35] referenced to a hydrogen maser. The counters with a fundamental gate time of τ 0 = 1 ms are operated in Λ frequency averaging mode with an averaging time of 1 s [36, 37] . We post-process the recorded frequency time series on a 1 s grid to get the time-resolved frequency ratios between the source and target frequency measured at each of the two frequency combs, which we then plug into Eq. 2 and finally compute the modified Allan deviation as a measure of the combined excess instability.
The measured instability between both systems is shown in Fig. 3 for the measurements in the NCP (blue line) and CP (orange line) configuration. The instability measured in the NCP configuration starts at a relative frequency instability of 10 −16 @ 1 s. It increases to a maximum near τ ≈ 10 s. At longer averaging times, the NCP instability drops below 10 −18 at τ > 5000 s. In the CP case instead, the measured instability starts at 8 × 10 −18 at τ = 1 s and continuously drops to 3 × 10 −21 at 10 5 s. By our end-to-end approach, the instability due to path length variations is suppressed by a factor of at least 200, but as the CP and NCP instabilities differ in their dependences on the averaging time τ, we conclude that the limiting processes are different in the two cases. The observed frequency transfer performance is as good as the best reported ones [22, 25, 27] , but requiring considerably less technical efforts, i.e., no vacuum, no active or passive temperature stabilization, and no broadband optical frequency comb.
Experimental results and discussion
Besides the stability transfer performance, we can use the measurements to check the agreement between the mean values of the optical frequency ratios measured at the DUT and reference system, as given by the arithmetic mean of Eq. 2. We determine an average residual fractional frequency ratio difference ofȳ NCP DUT−ref = 3.1 × 10 −19 for the NCP case, andȳ CP DUT−ref = 9.4 × 10 −22 for the CP case, which is compatible with zero within the 1σ-uncertainties determined from the instability plots at the longest averaging time.
In order to better understand the underlying processes contributing to the measured instability, we estimate typical fractional frequency instabilities resulting either from fundamental noise processes like shot noise in the detection of the beat notes on photo-diodes, or from variation in environmental parameters such as temperature, relative humidity or pressure.
Fluctuations of optical path lengths lead to fluctuating Doppler frequency shifts and hence to fluctuations of the difference between the source and target frequency.
The optical path length is given by the geometric path length L times the effective index of refraction n averaged along the path. A temporal variation of the optical path length causes a fractional Doppler shift
where c is the speed of light, ν 0 is the optical carrier frequency and ∆ν is the absolute frequency Doppler shift. Eq. 3 shows that such a Doppler shift can result from a variation of the refractive index, e.g. due to temperature (T) or pressure (p) fluctuations, or from a variation of the geometrical length, e.g. due to thermally or humidity-induced (H) expansion of optical fibers. We can thus derive the quantitative noise contributions from various individual environmental parameter data, on different path sections in the optical setup, e.g. those implemented as free space or in fiber optics, or on common or non-common paths at the same or at different wavelengths. The individual contributions on an optical path length nL can be derived from the environmental parameters ζ = T, p, H, . . . by
Typical coefficients of single-mode fibers from literature are shown in Tab. 1. There is a large variation of these parameters depending on the details of the fibre type, coating and jacket. As a worst case estimate we have used the humidity coefficient of a humidity sensing fiber, which is significantly larger than the coefficient for standard single-mode fibers. Furthermore, our model uses these steady-state-coefficients and therefore does not take into account dynamics like the slow process of water diffusion into the fiber's polyimide coating (typical time constants on the order of an hour), which causes swelling of the polyimide layer and thus expansion of the fiber length. As a result, the humidity contributions are most likely over-estimated, especially at short averaging times τ. The effective phase refractive index in SMF28 fiber (relevant for our estimates and not be confused with the effective group index given directly in the SMF28 data sheet) has been computed with a freeware fiber simulation software [39] . For the computations, we assume a step-index profile with 4.1 µm core radius, the Sellmeier coefficients of pure fused silica for the cladding material index, and a 0.36% index jump between cladding and core due to GeO 2 doping. For free space paths, we model the refractive index of air n(λ, T, p, H) and its dependence on environmental parameters by the improved Edlén formula [46, 47] .
To estimate the noise contributions for a given experimental setting, common-path and noncommon path sections must be treated separately, and their types (e.g. fiber or free space / air) and geometrical lengths must be taken into account. In our simple model, we assume that fluctuations on non-common paths are completely uncorrelated, i.e., that the contribution resulting from the individual subsections of the paths are added together. In contrast, if two fields at different wavelengths propagate on a common path, only a differential contribution remains. Thus in this case, we assume full correlations between the individual geometric length fluctuations, but take into account that the refractive indices are wavelength-dependent due to chromatic dispersion. Hence the overall noise contribution for two fields at λ 1 and λ 2 propagating on a common path of length L is
where the second term is a term due to dispersion fluctuations. In a simple model we assume that
which means that the spectral dependence of ∂n/∂ζ is proportional to the deviation of the refractive index from its value 1 in vacuum, where the effect is zero. Plugging Eq. 6 into Eq. 5 yields:
Plugging into Eq. 7 the numbers from Tab. 1 and the length L, on which the source and target fields propagate on a common fiber path, we find that the dispersion term is negligible with respect to the first term in Eq. 5. The same applies to the according free space sections. From Eq. 5 follows that if two fields at the same wavelength propagate on a common path, both terms vanish, so we do not need to take into account such path sections.
We measured typical temperature, pressure and relative humidity time series in our lab and model the frequency transfer setup with path types and lengths approximating those in the NCP and CP experimental setups.
Besides the contributions from environmental parameter fluctuations, the contribution from the beat detection is also considered. The beat signals consist of an RF carrier on a white noise floor with a phase noise density S ϕ ≈ −80 dBrad 2 /Hz. This corresponds to a modified Allan deviation of
However, the counters used for counting the beat frequencies (K&K FXE80) yield a significantly higher modified Allan deviation due to an aliasing effect: These counters are essentially phase recorders [35] , which sample the phase at a sampling rate of f s = 1 kHz. If present, phase noise at higher Fourier frequencies is aliased to the 1 kHz bandwidth [48] . In our experiments, the signals analyzed with the counters show white phase noise with density Sϕ up to a cutoff frequency of f h ≈ 1 MHz given by the tracking filter. Hence, the Λ-weighted frequency average using these data leads to a modified Allan deviation that is increased by a factor k = 2 f h f s (9) compared to the true modified Allan deviation [49] . Furthermore, multiple beat signals enter into the transfer process (two for the CEO-free comb, three for the reference comb), which leads to an additional factor given by the square root of the number of involved beat signals if we assume that they contribute equally.
We have also measured separately the additional noise introduced by the analog tracking oscillators. For this purpose, we have replaced the beat signals by synthesizer-generated signals with a S ϕ ≈ −80 dBrad 2 /Hz white phase noise floor, which was added using cascaded noisy RF-amplifiers. Two such signals with independent noise floors were sent through two tracking oscillators with tracking bandwidths of f h ≈ 1 MHz. Their output signals were counted by the K&K counters. Subsequently, the modified Allan deviation estimate was computed from the difference of the Λ counted frequency values, yielding an estimate for the noise due to two tracking oscillators, which can be rescaled taking into account the actual number of tracking oscillators involved in an experiment.
The results are shown in Fig. 4(a) for the NCP case and (b) for the CP case. In both cases, we plot the contributions to the relative frequency instability from the various environmental parameter variations. Furthermore, we show both the true modified Allan deviation corresponding to the detection noise level of S ϕ ≈ −80 dBrad 2 /Hz (Eq. 8) and the instability taking into account aliasing in the frequency counters (Eq. 9), which is a more realistic estimate for comparison with our experimental results. In the CP case, we also plot the square sum of all contributions discussed (black circles). Furthermore, we plot again the results of the combined excess noise measurements taken from Fig. 3 , indicated by black diamond symbols.
With the NCP setup, fiber dilations through relative humidity variations appear as the largest contribution in our estimation. However, as mentioned before, the estimations for humidity variations have to be interpreted with care and are very likely overestimated, especially at short averaging times below 1000 s. The other main contribution in the NCP case is due to temperature fluctuations mediated through the temperature dependence of the refractive index in the fibers, followed by temperature-and pressure-induced refractive index fluctuations in the free air sections.
The measured NCP frequency transfer instability resembles the estimated contributions from temperature and relative humidity variations in Fig. 4(a) , although it is clear that they should only be understood as order-of-magnitude estimates.
All path-length-induced noise contributions in the CP setup are estimated to be common-mode rejected to instability levels below 10 −19 @ 1 s and the low 10 −21 range @ 10 5 s (Fig 4(b) ). At intermediate averaging times (30 s < τ < 1000 s) temperature-induced air refractive index fluctuations in the free space sections (≈ 1.4 m) are estimated to be the major contributions in the CP case. At longer averaging times, the noise is dominated by air pressure fluctuations in the free space sections in the low 10 −21 range at τ > 1000 s. The temperature and pressure contributions in the free space sections could be further reduced by evacuating the air from the critical paths as in [22] .
At small averaging times τ < 10 s, the aliased detection noise dominates the estimated instability in the CP case. Since this contribution is only due to the data acquisition equipment used, it is not relevant for an actual frequency transfer. Anyhow, it could be reduced by the factor in Eq. 9 to its real value of less than 10 −19 @1 s by using a counter which allows suitable anti-aliasing filters. Further approaches would be to reduce the detection noise by gating the cw fields generating the beat notes, such that noise during the time between the comb pulses is suppressed [50] , or to suppress amplitude noise by balanced detection [51] .
At averaging times 10 s < τ < 5000 s, the noise from the tracking oscillators dominates. The noise in the tracking oscillators is ascribed to a temperature dependence of their voltage-controlled oscillators combined with finite gain of the tracking phase-locked loop. This can be reduced by total elimination of the tracking oscillators, or by digitally implementing their function in a field-programmable gated array (FPGA) [52] .
Besides a detail near τ = 10000 s, the CP frequency transfer instability is qualitatively correctly predicted by the estimate, while quantitatively it is larger by a factor of roughly 2. Keeping in mind that the estimates have a rather large uncertainty of up to an order of magnitude, the agreement between the estimate and the observed CP instability is acceptable.
Further processes, which were not taken into account when determining the estimates, but could explain the small observed discrepancy are:
(i) The fact that the long data sets had several gaps which break the phase-coherence and hence also influence the instability derived from the data set.
(ii) Noise during the spectral broadening in the nonlinear fibers [16, 17, 53] and during frequency doubling [54] . Further investigations will be necessary to single out these contributions.
Conclusion and outlook
We have introduced a technically simple scheme for the generation of beat signals between cw light fields and an optical frequency comb, which allows end-to-end suppression of optical path length fluctuation induced instabilities during frequency transfer via optical frequency combs. Comparing the frequency transfers based on this scheme at a CEO-free comb and at a second, independent comb with f − 2 f CEO frequency detection, we demonstrated a factor of 200 suppression of excess noise with respect to a setup employing two separate branches at one of the two combs. A residual transfer combined instability of the ref and DUT system of less than 8 × 10 −18 @1 s and 3 × 10 −21 @10 5 s were observed along with a residual zero-compatible offset of 9.4 × 10 −22 . This experiment is also the first demonstration that difference-frequency-generation (DFG) based Er-fiber comb generators are suitable for optical frequency transfers at such a level. Furthermore, we presented a simple model for the estimation of individual noise contributions and found that temperature-and relative humidity fluctuations dominate the optical path length fluctuations. Furthermore, we identified two limitations due to the involved electronics: First, aliasing at the counters leads to a factor of ≈ 100 elevation of the influence of white detection phase noise in the frequency instability (modified Allan deviation), and second we found that the employed analog tracking oscillators significantly contribute to the excess noise. We made suggestions how these technical limits could be overcome by implementing the RF signal processing in FPGA technology, such that the frequency transfer via a frequency comb will be better than the instability even of of the best reference lasers expected in the next few years.
